The structural reorganization of polyoxymethylene powders during sintering has been investigated through a detailed analysis of the SAXS data in order to determine the origin of the mechanical property improvement with regard to the compression-moulded counterpart. Two approaches afford a quantitative evaluation of the structural parameter evolutions. On one hand, the correlation and interface distribution functions were calculated for the samples submitted to various thermo-mechanical treatments. On the other hand, the Hosemann's paracrystalline model modified with Reinhold distributions of the crystal and amorphous phase thicknesses was used to evaluate the disorder in the lamella stacking. Both approaches suggest that a more perfect and regular crystalline structure with thicker and wider crystals develops in the sintered samples as compared with the parent powders and the material crystallized from the melt. Theses morphological modifications are discussed in relation to the very high stiffness and brittleness of the sintered materials. Two possible mechanisms of coalescence of the powder grains via the crystalline phase are proposed to account for these specific mechanical properties of the sintered materials.
Introduction
Polyoxymethylene (POM) is an engineering thermoplastic with valuable mechanical properties such as high stiffness, hardness, fatigue and creep resistance, as well as low friction and wear resistance [1] . However, POM displays a strong shrinkage when injection-moulded above the melting point as well as thermal degradation. The hotcompaction of POM powders in the solid state, otherwise known as sintering, was suspected to provide an alternative way to melt-compression or injection moulding in order to avoid the two previous shortcomings.
Sintering of polymer powders has already proved to be an alternative for polymer processing when extrusion or injection are not allowed due to very high viscosity of the materials having very high molar weight. This is typically the case of polytetrafluoroethylene [2] [3] [4] and ultra-high molar weight polyethylene [5, 6] , for which only few investigations have been yet reported. The processing of such polymer powders is usually carried out in two stages: compacting at room temperature followed by annealing at a temperature above the melting point, in order to achieve the welding of the powder grains. Regarding the terminology of powder metallurgy, this is not a true sintering process: as a matter of fact, the material looks like a solid due to its extremely high viscosity, but the welding of the powder grains actually occurs in a thermodynamically molten state.
In a first paper, the sintering process of a native POM powder as well as a grounded powder from melt-extruded pellets [7] was investigated below the melting point. A sintering temperature close to the onset of the melting range was necessary for an efficient welding of the powder grains, as judged from mechanical properties. A 2-fold increase of the elastic modulus was obtained, as compared with compressionmoulded materials, namely 5.3 MPa for sintered POM versus 2.8 MPa for compression-moulded POM. Besides, in spite of a typical brittle behaviour with a breaking strain not exceeding 1% in tensile testing, the sintered materials displayed a quite high breaking stress of 50-60 MPa that enabled easy machining of samples for further mechanical characterization.
In a second paper, we reported on the structural characterization of the semicrystalline morphology of the materials via dynamic mechanical analysis, thermal analysis and preliminary SAXS measurements [8] . The data revealed a tremendous structural reorganization as a result of sintering, as judged from an upward shift of peak melting temperature by about 10°. The similarity of this finding with the structural reorganisation of POM upon annealing [9] was taken as evidence that most of the material remained in the solid state during the process. In contrast, sintering [7] or annealing [8] without pressure at temperature close to the peak melting temperature were shown to result in a sintered material much similar to the one processed by compression-moulding in the melt, as judged from both the thermal behaviour and mechanical properties. The dynamic mechanical data also revealed an increase of crystal thickness and continuity during sintering in comparison with compression-moulding material. This finding was put forward to account for the material stiffening, in conjunction with the crystallinity increase.
In this paper, we report a more detailed study of the sintering-induced structural reorganization of POM powders based on an extensive treatment of the SAXS data in order to get deeper insight into the mechanism of coalescence of the powder grains, more precisely the build up of the crystalline continuity.
Results and discussion

Physical properties
The crystal volume fraction and peak melting point data reported in Table 1 show that the native powder has significantly higher crystalline perfection than the ground powder. In contrast, the latter one looks very similar to the compression-moulded material regarding both T f and X c , indicating that grounding did not significantly alter the microstructure of the melt-extruded pellets at the scale of the crystalline phase. Sintering brings about a large increase of the melting point and crystallinity of both powders. This finding suggests a high molecular mobility in the crystalline phase during sintering which allows both the welding of the particles via the crystallites and a partial crystallization of the amorphous chain segments. As discussed in the former papers [7, 8] , the structural reorganization process that shifts upward the melting temperature is a solid state process operating through molecular diffusion in the crystal, not in the melt. As a matter of fact, only the annealing at high temperature below the melting point can give rise to the observed increase of melting point.
Tab
Small-angle X-ray scattering
The Lorentz-corrected SAXS profile, I(q)q 2 versus q, obtained for the various samples are displayed in Figure 1 . The two powders display a single correlation peak relevant to the one-dimensional stacking of crystalline lamellae. In contrast, the two sintered materials display two scattering orders indicative of a much greater regularity in the lamella stacking.
It is worth noticing that the native powder gives rise to a significant increase of scattering intensity at low scattering angle (q<0.25 nm -1 ) that is not observed for the other samples. The SAXS intensity profile of the compression-moulded sample which is similar in shape to that of the ground powder is not plotted in Figure 1 . This similarity is an indication that grinding does not affect the semi-crystalline structure of the melt-extruded pellets. Indeed, on one hand, cooling the pellets during grinding prevents any annealing effect that could be induced by the mechanical work, and on the other hand, the powder particle size remains much larger than the crystallite size. The total scattering intensity for the powders is much weaker than that of the bulk sintered materials due to reduced quantity of matter in the X-ray beam. and q 2 =0.594 nm -1 POM-GS. The second peak is much weaker than the first peak and appears at a q value about twice that of the main correlation peak, q max . Therefore, the two peaks can be associated with the first and second-order scattering peaks of a monoperiodic lamellar structure having a highly regular stacking [10] [11] [12] [13] . In contrast, a single peak is observed for the native and the ground powder and for the compression-moulded material as well. This gives evidence of a tremendous structural rearrangement during the sintering of the powders. This phenomenon will be analyzed in more details in the following subsection.
The long periods, L B , and crystalline thickness, L c,DSC , obtained using the Bragg's relation and the DSC crystal volume fraction are reported in Considering these findings, it is obvious that both the lamellar thickness and the overall long period in the sintered materials are much greater than the corresponding ones of the powders, and the compression-moulded materials as well, as a result of the annealing effect during sintering. This structural reorganisation is promoted by the activation of the molecular mobility in the crystalline phase, the sintering temperature being much higher than the peak temperature of the mechanical relaxation in the crystal. This phenomenon was already discussed in the previous papers [7, 8] regarding the crystallinity increase.
The calculation of the correlation and interface distribution functions relies on the extrapolation of the scattering profile in the high q region owing to Eq. 2. An example of Porod's plot for POM-CM and POM-NS is shown in Figure 2 . The interface thickness estimated from the above extrapolation is E=0.23±0.05 nm for the POM-CM and E=0.16±0.05 nm for the powders and the sintered samples. Considering both the low E values and their relatively large uncertainty, one may conclude that the electron density profile between the crystalline and amorphous layers is very sharp, compared with the layer thickness of the two components, and little sensitive to thermo-mechanical history.
The above insensitivity of the interface layer thickness to thermo-mechanical treatment seems somewhat conflicting with the data for the crystal surface free energy previously determined from the Gibbs-Thomson equation, owing the crystal thickness and melting point [8] . Indeed, the surface free energy of the two sintered samples (Table 1) is more than twice lower than that of the parent powders, namely S e ≈15±1 mJ/m 2 for POM-NS and POM-GS, as compared to S e ≈ 35±1 mJ/m 2 for POM-N and POM-G. This is relevant to a significant decrease of topological disorder in the amorphous-crystal transition region as a result of sintering that may be associated to a more regular chain folding [8] . The reason for this apparent discrepancy between the E and S e data is due to the fact that the regions under concern with the two approaches have not the same extend. Indeed, according to Raman spectroscopy studies of semi-crystalline polyethylene and related copolymers, the conformational transition region between the highly ordered crystal and the disordered amorphous phase may be several nanometres thick [14, 15] . In this so-called third phase, chain mobility is intermediate between that of the amorphous phase and that of the crystalline phase, as judged from NMR spectroscopy [16] . A structural analogy can be reasonably made between polyethylene and polyoxymethylene in consideration that both materials are flexible chain polymers with fast crystallization kinetics and high crystallinity potential. Therefore, the present study of polyoxymethylene suggests that sintering is likely to modify the thickness of the conformational transition zone without altering the very thin electron density gradient layer at the amorphous-crystal border. An example of correlation function is shown for the POM-NS in Figure 3 . Regarding the POM-N powder, the low angle scattered intensity (q<0.25 nm -1 ) was not taken into account in the γ(r) calculation since it obviously does not arise from the lamella stacking ( Fig. 1) . The long period and crystal thickness derived from Eq.4 are summarized in Table 2 for the various samples. The data are quite similar to the ones obtained by using the Bragg relation and the DSC data. This finding validates the use of the linear model assuming that all the amorphous phase is located in uniform layers between the lamellar crystals, without segregation around the lamella stacks.
The experimental and theoretical interface distribution functions for the sintered POM-NS and the native powder POM-N are given in Figure 4 . Two maxima are observed in the case of the sintered sample POM-NS (Fig. 4a) , corresponding to the distributions of the crystalline and the amorphous layers. Similar finding was obtained for the sintered ground power POM-GS. In contrast, the native powder POM-N displays a single maximum (Fig. 4b ) that is relevant to broad and undistinguishable crystalline and amorphous lamella distributions. Similar results have been observed for the ground powder POM-G and the compression-moulded sample POM-CM. During the computing procedure of the interface distribution function, the crystalline and amorphous thicknesses, the long period and the standard deviations were varied until the best fit was obtained between the experimental data and the data computed from Eqs.7 and 8. The unreported crystal thickness and long period data obtained from the g(r) function are very close to the ones previously computed from either the Bragg analysis of the first scattering peak or the correlation function. The δ c , δ a and δ L factors which stand for the structural disorder in the lamellar stacking are listed in Table 2 . If δ a and δ L seem little sensitive to the sintering process, δ c for the sintered pieces displays a significant decrease with respect to the parent powders and the compression moulded samples a well. This reduction of the crystal thickness distribution width is all the more remarkable that the average crystal thickness drastically increases in parallel. It reinforces the previous conclusion that the improvement of the lamellar stacking regularity directly results from the crystalline lamella reorganization. A final analysis of the SAXS data has been carried out by predicting the scattering profiles in the framework of the linear paracrystalline model based on a onedimensionally stacked lamellar structure with distributions of both the crystalline and amorphous lamella thicknesses [17, 18] , assuming γ a = γ c . Figure 5 shows that the experimental SAXS profiles of the POM-CM and POM-NS samples can be reasonably fitted on the basis of this model. 
Mechanisms of sintering
In our former work [8] , the significantly higher modulus of the POM-NS and POM-GS sintered samples as compared with the POM-CM compression-moulded one was ascribed to an efficient welding of the powder grains via the crystalline phase and an enhanced continuity of the latter phase. However, the brittleness of the sintered materials involving predominant intergranular fracture revealed that crystal welding only concerned a very narrow region at the powder grain surface without intertwining of chains. The high chain mobility in the crystal was claimed to play a major role in the structural reorganization and grain welding, but further investigations were required for better understanding of the basic mechanisms of welding.
The results from the various analyses of the SAXS data first indicate an extensive reorganization of the crystalline phase in the sintered materials as compared with the parent powders and the compression-moulded material involving thickening of the crystalline lamellae and improvement of the lamella stacking regularity. Quantification of the latter phenomenon indicates a large increase of the number of coherently scattering lamellae together with a reduction of the lamellae thickness distribution. Second, the thickness of the interface between the crystalline and amorphous regions is not much modified by the thermal treatment in spite of the build up of a more regular chain-folding of the crystallites during sintering, as judged from surface free energy data [8] . Finally, the similarity of the SAXS profiles of the POM-NS and POM-GS samples reveals a complete obliteration of the peculiar features of the initial crystalline morphology of the powders, corroborating the drastic reorganization of the crystalline phase during sintering.
The crystal lamella thickening upon annealing is a well known phenomenon regarding POM and more generally semi-crystalline flexible chain polymers [17] [18] [19] [20] . The mechanism of crystal thickening has been largely discussed on rather speculative grounds, more peculiarly in the case of polyethylene [17] [18] [19] [20] , and the molecular process for the migration of the chains also been approached [21, 22] on theoretical grounds. In contrast, the driving force to the increase of stacking regularity of PE and POM with annealing has been seldom commented. Most studies have been concerned with stiff chain polymers with low crystallization capabilities: in that case, the amorphous phase reorganization was ascribed a major contribution in the lamellar stacking improvement. The fact that SAXS harmonics are noticeably observed in the case of polyethylene single crystal mats with chain-folded topology [10, 17] as well as in the case of annealed drawn samples [12, 13] suggests that the origin of the high regularity of the lamellar stacking does not arise from the strong molecular bonding between the crystalline lamellae but from a combination of large lateral extent together with low roughness. Recent SAXS analysis of a series of meltprocessed polyethylene materials of very close crystallinity showed that the increasing concentration of intercrystalline molecular connections is accompanied with a decrease of stacking regularity [23] .
If considering now the nanocomposite structure of semi-crystalline polymers and disregarding in first approximation the annealing-induced crystallinity increase, one should expect minor incidence of crystal thickening on mechanical properties in the present circumstances due to the little change of aspect ratio of the crystalline lamellae. However, if continuity builds upon annealing between the crystalline lamellae, one may expect changes to occur as a result of mechanical percolation. This is what was concluded from the dynamic mechanical study of the previous work [7] : indeed, the elastic modulus of the sintered materials in the temperature range between the crystalline and the amorphous relaxations, as well as the loss moduli at peak of the crystalline relaxation, displayed values surpassing those of the compression-moulded sample by a factor that could not be accounted for by the crystallinity increase only. The increased regularity of the lamella stacking could be ascribed to the welding of the crystallites into lamellae to a much greater extent. This mechanism is borrowed from the study of the annealing of cold drawn PE fibers which undergo coalescence of neighbouring crystal blocks from adjacent microfibrils into extended lamellae normal to the fibers axis, as judged from the transverse narrowing of the meridian SAXS scattering [24] . This is a kind of crystallographic matching via (hk0) lateral planes that reduces the total free energy of the system. It may perfectly apply to the POM-NS and POM-GS sintered materials owing to the combined effect of annealing and shearing, considering that these chain-containing planes make part of the most active slip systems during plastic deformation [25] . A noteworthy consequence of this transverse coalescence of crystal blocks in drawn polymers is the production of the so-called hard elastic fibers which benefit from the reinforcement of the wide and oriented lamellae that prevent transverse contraction of the fibers upon loading [26] .
Alternatively, in a study of the sintering of polyethylene single crystal mats [27] , Statton proposed that a crystalline continuity builds up between the crystalline lamellae across the chain folding surfaces owing to the interdiffusion of chains along the crystallographic c axis. This process cannot be discarded a priori for the present study of sintered POM powders considering that it may perfectly account for the stiffness increase with regard to the compression-moulded material. Yet, it cannot account for the growth of the SAXS harmonic and may even reduce the lamellar habit of the system due to the build up of crystalline bridges between the lamellae, as reported by Ward and coworkers in the case of high modulus PE fibers [28, 29] .
In consideration of theses results, one may suggest that the greater crystal continuity together with the significant crystal thickening and the increase of regular chainfolding are the driving force to the improvement of the lamellar stacking regularity during sintering. As a corollary to these structural rearrangements, the enhanced continuity of the crystalline phase results in a spectacular stiffness increase beyond what could have been expected from the crystallinity increase only.
Conclusions
The combination of the various analyses of the SAXS data provides an insight into the structural evolution in the sintered samples. The sintering process produces structural perfecting via an increase of both the crystal thickness and the mean long period, together with a decrease of the distribution widths of these structural parameters. All our results suggest that sintering promotes a more regular stacking of the lamellar structure. In spite of the almost invariant thickness of the crystal amorphous interfacial region, the reduced surface free energy reveals a more regular chain-folding which contributes to the improved regular stacking. However, the welding of crystallites into wider lamellae should also greatly contribute to improve the stacking regularity of the semi-crystalline microstructure. There is no doubt that this later process of reorganization is a determining factor to the powder grain coalescence and to the mechanical stiffening of POM during sintering, as judged from the 2-fold increase in modulus as compared with the compression-moulded material [7] . The brittleness of the sintered materials is however due to the fact that this kind of particle welding is not sufficient to enable propagation of plastic processes throughout the bulk pieces due to the missing of chain intertwining at the grain joints that developed from crystallographic fitting in the solid state.
Experimental
Materials, processing and physical characterization
The materials have been described elsewhere [7, 8] . A native polyoxymethylene powder, POM-N, issued from suspension catalytic polymerization and having weightaverage molar weight M w =35 kDa and polydispersity index I p ≈2 was supplied by DuPont Switzerland. A powder cryogenically ground from melt-extruded pellets, POM-G, has also been provided by DuPont.
Differential Scanning Calorimetry (DSC) was carried out at a heating rate of 10 °C/min, using samples of about 7 mg. The crystal weight fraction, X c , was determined from the melting enthalpy of the samples, assuming a value ΔHf°=280 J/g for the melting enthalpy of perfectly crystalline polyoxymethylene [30] . The crystal volume fraction, φ c , was computed from the crystal weight fraction [31] , using the values ρ c = 1.49 g/cm 3 and ρ a = 1.21 g/cm 3 for the densities of the crystalline and amorphous components [30] . The materials were processed into 10mm thick and 60 mm wide bulk discs. Samples for further investigations were machined out from the bulk pieces.
The processing of powders into bulk pieces has been carried out by hot compaction under pressure in the solid state, according to a procedure optimized over a range of temperature, pressure and time [7] . The sintering cycle is sketched in Figure 6 : the maximum pressure was 25 MPa and the current temperature was 170 °C. The materials sintered from the native and the ground powders have codes POM-NS and POM-GS, respectively. A compression-moulded sample, POM-CM, was also prepared by melting native powder for 5 min between steel plates at 220 °C and subsequent cooling at about 20 °C/min.
It is worth noticing that a 25 MPa pressure has minor incidence on the thermodynamic properties of POM and semi-crystalline polymers in general. The melting point sensitivity on temperature of POM is 15K/kbar [30] , which means that the melting point would increase by 3.5° during sintering. Therefore, in addition to maintaining the sample in the solid state, the major effect of pressure would be the shearing of the powder grains during the compaction step in order to reduce residual porosity and optimize powder coalescence [8] .
SAXS measurements and data analysis
The Small-Angle X-ray Scattering (SAXS) measurements were carried out in point focussing collimation on the BM2-D2AM beam-line of the European Synchrotron Radiation Facility (ESRF) in Grenoble, with an X-ray beam of wavelength λ=0.77 Å.
The detector was a two-dimensional CCD camera from Roper Scientific. The SAXS experiments were carried out in the range 0.1 nm -1 <q<2.5 nm -1 of scattering vector in the reciprocal space, q=4π sinθ /λ. The data were corrected for background and intensity distortions of the CCD detector, as well as intensity fluctuations of the X-ray beam.
The SAXS patterns for all the samples displayed uniform rings relevant to thoroughly isotropic materials. This allowed performing azimuthal integration of the patterns over 360° for better resolution. By analogy with Bragg's law, the long period, L B , was obtained from L B =2π/qmax, where q max denotes the value of the scattering vector at the peak of the Lorentz corrected SAXS profile, I(q)q 2 versus q. The average crystal thickness, L c,DSC , was then estimated using the relation
owing to the crystal volume fraction, φ c , derived from the DSC measurements.
A more elaborate approach proposed by Kortleve and Vonk has been successfully applied by several authors for the microstructural investigation of semi-crystalline polymers [32] [33] [34] [35] [36] . In the framework of this approach, and considering isotropic polymers, it is worth calculating the Fourier transform of the Lorentz-corrected SAXS profile, namely the one-dimensional correlation function γ(r). Before the Fourier transformation can be performed, the data have to be extrapolated to high and low q values. The data were extrapolated to low q values, in the beam stop region, assuming power law dependence. The extrapolation in the high q region was done with the aid of the Porod law 
where r is the reciprocal of q in the direct space. Q is the scattering invariant that can be determined by integrating the SAXS profile over all scattering angles.
A benefit of using the correlation function method is that, besides the long period, the values of the crystalline and amorphous phase thicknesses, as well as the degree of crystallinity within the stacks can be obtained independently of the DSC results. It is worth noticing that the methodology for deriving the various structural parameters in the case of actual materials is however not so obvious than for the theoretical treatment of ideal systems [38] . The position of the first peak maximum following the minimum in the correlation function represents an estimate, L CF , of the long period that is not much different from the Bragg estimate L B . The crystalline lamella thickness, L c,CF , can be determined from the solution of the following relation
where B is the position of the first intercept of the correlation function with the r as distance axis. The higher value of the solution x of this equation corresponds to the layer thickness of the one of the two phases having the larger volume fraction within the lamellar stacks, i.e. the crystalline lamellae in the present case.
In addition to γ(r), one may also calculate the interface distribution function, g(r), The interface distribution function gives the probability distribution of finding two interfaces between crystalline and amorphous regions at distance r from each other. The values of the interface distribution function are negative if the sequence of the phases is the same at both considered interfaces, i.e. when considering the long period. In order to fit the calculated interface distribution functions following Stribeck and Ruland [36, 39] , we assumed unimodal gaussian distributions for the long period, as well as for the crystalline and amorphous phase thicknesses.
For example, the probability distribution for the crystalline phase is given by 
where L c and δ c are the mean value of the crystalline thickness and the standard deviation of the distribution respectively. In the same way, amorphous phase thickness and long period distributions are defined, with mean values L a and L and standard deviations δ a and δ L , respectively. The parameters of these distributions are fitted to the interface distribution functions on the basis of the relation [36, 39] g(r)=w c (r)+w a (r)-2w L (r)
Alternatively for the calculation of the interface and correlation functions, the linear paracrystalline model has been used to describe the small angle X-ray scattering of stacks of crystalline lamellae separated by less dense amorphous regions [40, 41] . In this modelling framework, the thickness of each component is described by a probability distribution function. The scattering intensity can be expressed in terms of 
where ε =<Y> (1-2γ) , with <Y> the mean value of the lamella thickness and γ a parameter controlling both the skew and the width of the distribution. In this paracrystalline model, several adjustable parameters hold for the disorder in the lamella stacks: γ c and γ a are related to the width of the distribution of the amorphous and crystalline regions and N is the number of coherently diffusing lamellar units in the semi-crystalline microstructure.
